Brands MW, Bell TD, Rodriquez NA, Polavarapu P, Panteleyev D. Chronic glucose infusion causes sustained increases in tubular sodium reabsorption and renal blood flow in dogs. Am J Physiol Regul Integr Comp Physiol 296: R265-R271, 2009. First published December 10, 2008 doi:10.1152/ajpregu.90528.2008This study tested the hypothesis that inducing hyperinsulinemia and hyperglycemia in dogs, by infusing glucose chronically intravenously, would increase tubular sodium reabsorption and cause hypertension. Glucose was infused for 6 days (14 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 iv) in five uninephrectomized (UNX) dogs. Mean arterial pressure (MAP) and renal blood flow (RBF) were measured 18 h/day using DSI pressure units and Transonic flow probes, respectively. Urinary sodium excretion (UNaV) decreased significantly on day 1 and remained decreased over the 6 days, coupled with a significant, sustained increase in RBF, averaging ϳ20% above control on day 6. Glomerular filtration rate and plasma renin activity (PRA) also increased. However, although MAP tended to increase, this was not statistically significant. Therefore, the glucose infusion was repeated in six dogs with 70% surgical reduction in kidney mass (RKM) and high salt intake. Blood glucose and plasma insulin increased similar to the UNX dogs, and there was significant sodium retention, but MAP still did not increase. Interestingly, the increases in PRA and RBF were prevented in the RKM dogs. The decrease in UNaV, increased RBF, and slightly elevated MAP show that glucose infusion in dogs caused a sustained increase in tubular sodium reabsorption by a mechanism independent of pressure natriuresis. The accompanying increase in PRA, together with the failure of either RBF or PRA to increase in the RKM dogs, suggests the site of tubular reabsorption was before the macula densa. However, the volume retention and peripheral edema suggest that systemic vasodilation offsets any potential renal actions to increase MAP in this experimental model in dogs. blood pressure; metabolic syndrome; sodium excretion HYPERTENSION IS A MAJOR COMPLICATION of metabolic syndrome and obesity, and its etiology has been linked closely to sodium retention (28, 34, 39) . Early studies that showed decreased urinary sodium chloride excretion during acute insulin infusions (9, 11, 26) led to the hypothesis that hyperinsulinemia could contribute to the hypertension in metabolic syndrome (28, 34, 39) . However, although there is good evidence that the renin-angiotensin-aldosterone and sympathetic nervous systems contribute to sodium retention and hypertension in metabolic syndrome (8, 10, 21, 27, 33) , there remains no direct evidence outside of experimental models in rats that the hyperinsulinemia or impaired glucose homeostasis in metabolic syndrome have a direct, sustained sodium-retaining effect.
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An established experimental model of metabolic syndrome is created by feeding rats a diet high in the simple sugars glucose, fructose, or sucrose (12, 20, 22, 23, 30, 36) , which causes modest increases in plasma insulin, glucose, and blood pressure. We used 7-day intravenous infusions of insulin plus glucose (4, 5, 25) or glucose alone (2, 7) in rats and also measured increased insulin, glucose, and mean arterial pressure (MAP), but in addition measured sodium retention that was linked to a transient renal vasodilation followed by sustained renal vasoconstriction. These studies in rats supported a role for hyperglycemia and/or hyperinsulinemia to cause sodium retention and hypertension.
However, a major roadblock in translating those results to mechanisms for human disease is that they have not been replicated in humans or nonrodent animal models (32) . Chronic sugar feeding does not cause hypertension in humans (41) or dogs (32) , and, although dietary-induced obesity in dogs replicates the insulin resistance, hyperinsulinemia, sodium retention, hypertension, and other aspects of metabolic syndrome in humans, chronic insulin plus glucose infusion in dogs actually decreased blood pressure and blood glucose concentration (6, 14, 17) . Thus, although the dogs in those insulin infusion studies retained sodium, it is likely that decreased blood pressure played a major role in causing the sodium retention due to reduced pressure natriuresis.
It is important, therefore, that we recently reported a significant, sustained decrease in urinary sodium excretion during chronic intravenous glucose infusion in dogs, which caused modest increases in glucose and insulin concentrations but no decrease in blood pressure (3) . Although a statistically significant hypertensive effect was not measured unless we also blocked cyclooxygenase-2 chronically (3), those results were the first evidence in dogs for a direct, chronic sodium-retaining response to the induction of hyperglycemia and hyperinsulinemia. To determine whether that chronic action is the result of renal vasoconstriction or tubular reabsorption, we developed a method for 24 h/day renal blood flow (RBF) measurement in dogs to obtain the most precise assessment of continuous renal function possible in this experimental model. In addition, we repeated the experiment in dogs with reduced kidney mass (RKM) and high salt intake in an attempt to augment the sodium-retaining response to glucose infusion and enable a hypertensive response.
METHODS
Experiments were conducted in conditioned male mongrel dogs weighing between 20 and 25 kg, and the experimental protocols were approved by the Institutional Animal Care and Use Committee of the Medical College of Georgia. In five dogs, under isoflurane anesthesia with aseptic technique, a flow probe (4PSB; Transonic, Ithaca, NY) was placed on the left renal artery via a flank incision and retroperi-toneal approach, and the cable was tunneled subcutaneously to the scapular region and exteriorized. The right kidney was removed via a right flank incision. The catheter from a Data Sciences (St. Paul, MN) TA11PA-D70 blood pressure unit was implanted in the right femoral artery, and a standard fluid-filled Tygon catheter was implanted in the right femoral vein. Tygon catheters also were placed in the left femoral artery and vein. The DSI transducer/transmitter body was placed subcutaneously in the right flank, and the Tygon catheters were tunneled subcutaneously to the scapular region and exteriorized, then filled with 1,000 U/ml heparin solution and closed. Dogs were fitted with a canvas jacket that had a pocket to house the catheters and flow probe cable and were under the direct care of the attending veterinarian until recovery was complete and they were transferred to their runs.
RKM dogs. To augment the sodium-retaining response to glucose infusion in dogs (3) and enhance any potential hypertensive action, the glucose infusion was repeated in six dogs with surgical RKM and high-salt intake. Under isoflurane anesthesia with aseptic technique, the poles of the left kidney were removed, one at a time, via retroperitoneal flank incision using a scalpel and heat cautery followed by application of thrombin-soaked Gelfoam (Pharmacia, Kalamazoo, MI). After both poles were removed, the flow probe was implanted as above. Three weeks were allowed for recovery to ensure complete healing and recovery of left kidney function. During the second surgical procedure 3 wk later, the right kidney was removed via retroperitoneal flank incision to yield an ϳ70% total RKM, and the DSI transmitter and Tygon catheters were implanted as described above.
Swiveled and telemetric connections to chronic infusion and recording apparatus. Following 1-2 wk of recovery, dogs were placed in individual metabolic cages and fitted with a padded lucite harness that was connected via flexible stainless steel tubing (ϳ 5 ⁄8 in. outer diameter; Harvard Apparatus, Boston, MA) to a strain relief swivel (Instech, Plymouth Meeting, PA) mounted on the top center of each cage. The strain relief swivel was customized to enable mounting of an Airflyte (Bayonne, NJ) electrical swivel and a 20-gauge hydraulic swivel from Instech. The Airflyte swivel has a pass-through hole through its center to enable routing of the catheters through the swivel. This unique arrangement enables the two swivels to be connected in series and turn synchronously, thus enabling continuous intravenous infusion and electrical connectivity while the dogs have completely unrestricted, 360-degree freedom of movement in the cage 24 h/day. This serial swivel arrangement is similar to our method used for chronic RBF measurement in rats (1) . The lucite harnesses, canvas jackets, and all the connectors between the harness, tethering tubing, strain relief swivel, and the Airflyte and Instech swivels were constructed in our laboratory or the Medical College of Georgia machine shop.
Infusion tubing and the flowmeter cable were routed through the steel tethering tubing and connected, respectively, to one of the femoral vein catheters and to the renal flow probe cable at the harness. The other end of the flowmeter cable was cut in two ϳ6 in. from the plug. Each cut end was soldered to the appropriate side of the Airflyte electrical swivel, and the plug was inserted in a Transonic 400-series flowmeter on top of the cage. The flowmeter was connected to a DSI data matrix using a CV-11 analog converter. Two RMC-1 DSI receivers were mounted on each cage to collect the transmitter signal, and the DSI A.R.T. software was used to collect the pressure and flow signals from each dog for 10 s each minute at 100 Hz for 18 h/day (1400 -0800). The infusion line was connected, via the Instech swivel, to two Instech P720 peristaltic pumps on top of each cage.
Experimental procedure. Sodium intake was maintained constant (i.e., clamped) at an average of 80 Ϯ 2 meq/day in the uninephrectomized (UNX) dogs and 306 Ϯ 5 meq/day in RKM dogs by feeding a low-sodium diet (Hills H/D) coupled with a continuous intravenous infusion of ϳ475 and 1,950 ml of 0.9% saline/day, respectively, throughout the study. In addition, all dogs received ϳ975 ml of sterile water/day via continuous intravenous infusion using the second peristaltic pump. The lines from the saline and water pumps were joined at a stopcock, and all solutions were pumped through disposable filters (0.22 mm, Cathivex; Millipore) in each dog's intravenous infusion line. Drinking water was available ad libitum, and antibiotics were administered daily for the duration of the study.
Approximately 2 wk were allowed for the dogs to acclimate to the metabolic cages and be trained to lie quietly for blood sampling. After sodium balance and stable hemodynamics were verified, control measurements were recorded for 3 days. Glucose (ϳ14 mg⅐kg Ϫ1 ⅐min Ϫ1 ) then was infused in all dogs for 6 days by replacing the ϳ975 ml sterile water infusion with an equal volume of 50% dextrose solution. After 6 days, the sterile water infusion was restored for a postexperimental control (recovery) period. Blood samples were drawn for hormone and related measurements during the control period, on glucose infusion days 2 and 5, and during the recovery period.
Analytical procedures. Glomerular filtration rate (GFR) was determined from the total plasma clearance of 125 I-labeled iothalamate (Glofil; QOL Medical, Kirkland, WA) (18) . Plasma and urine sodium and potassium concentrations were determined with ion sensitive electrodes (Synchron El-ise; Beckman Coulter, Fullerton, CA), plasma protein concentration was measured by refractometry, blood glucose was measured with an Accu-Check meter (Roche, Indianapolis, IN), plasma osmolarity was measured with a microosmometer from Advanced Instruments (Norwood, MA), urinary prostaglandins were measured using enzyme immunoassay (EIA) kits from Cayman Chemicals (Ann Arbor, MI), plasma insulin was measured using an EIA kit from ALPCO Diagnostics (Salem, NH), and plasma renin activity (PRA) was measured by radioimmunoassay (DiaSorin, Stillwater, MN).
Data from RKM and UNX dogs were analyzed with a repeatedmeasures analysis of variance, using Dunnett's test for comparison of experimental and recovery values with control values. For the large comparisons of daily data (e.g., RBF), an average value for the control period and the R5 value for the recovery period were used in Dunnett's test to compare the recovery period and each experimental day with the control period. The control for time in this experimental design is the recovery period. The ANOVA and Dunnett's test must show that the recovery period is not different from control to assert that any changes measured during the experimental period were independent of time. Statistical significance was considered to be P Ͻ 0.05. All data are expressed as means Ϯ SE. Table 1 shows that glucose infusion caused modest but significant hyperglycemia and an approximate two-to fourfold increase in plasma insulin concentration. Figure 1 shows that there was no significant effect of glucose infusion on MAP in the UNX dogs. This is consistent with our previous report in normal, two-kidney dogs (3), and it is important that there was not a decrease in MAP as reported in dogs infused with insulin plus glucose (3, 6, 14) . In fact, there was a tendency for MAP to drift upward, also consistent with our previous findings (3).
RESULTS
Heart rate averaged 73 Ϯ 2 beats/min during the control period in the UNX dogs, increased to an average of 89 Ϯ 7 beats/min during glucose infusion, and returned to control levels during recovery. RBF averaged 123 Ϯ 17 ml/min at baseline and increased immediately following glucose infusion, and the increase was sustained, averaging ϳ20% above control by day 6 of glucose infusion (Fig. 1) . GFR increased significantly by day 5 (Table 1) . Urinary sodium excretion decreased immediately, tended to recover, but was below control levels on days 5 and 6, and this sodium excretory response to glucose infusion was remarkably similar to the pattern reported previously in two-kidney dogs (3). Sodium balance increased over the 6 days by an average of 102 Ϯ 13 meq, and the changes in extracellular fluid volume (ECFV) and plasma protein concentration corroborate the volume retention (Table 1 ).
In the RKM dogs, there was a similar, immediate reduction in urinary sodium excretion (Fig. 2) , and sodium balance increased by 148 Ϯ 38 meq by day 6 of glucose infusion. RBF, which averaged 84 Ϯ 18 ml/min during baseline, began to increase over the first 2 days of glucose infusion, similar to the response in the UNX dogs, but the effect waned and actually was decreased significantly by the end of the period. MAP tended to increase during glucose infusion, similar to the response in the UNX dogs, but this was not statistically significant. Figure 3 , however, shows that there was a significant increase in renal vascular resistance in the RKM dogs during glucose infusion compared with the renal vasodilator response in UNX dogs. Plasma protein concentration and ECFV in the RKM dogs changed similar to the response in UNX dogs (Table 1) , and there was clear evidence of pitting edema on examination in both groups. The heart rate response also was similar, averaging 78 Ϯ 2 beats/min in the RKM dogs at baseline, increasing to an average of 86 Ϯ 3 beats/min during the 6-day glucose period, and returned to control levels during recovery. Figure 4 shows the increase in urinary 2,3-dinor thromboxane B2 excretion caused by glucose infusion in both groups. There were no significant changes in excretion of the prostacyclin metabolite 6-keto-PGF 1␣ (Fig. 4) or in PGE metabolites (data not shown). Figure 4 also shows that PRA increased in the UNX dogs, consistent with our previous report (3). Baseline PRA was low in the RKM dogs, consistent with decreased kidney mass and a fourfold greater sodium intake, and it did not increase with glucose infusion.
Baseline RBF: Methodological issues. Baseline RBF averaged 123 Ϯ 17 ml/min in the UNX dogs, which is lower than we predicted. In dogs this weight, we have reported that 24 h/day cardiac output averaged 2.3 Ϯ 0.1 l/min (6), so we predicted ϳ230 ml/min RBF if each kidney is assumed to receive ϳ10% of cardiac output. This is the first study to our knowledge in which RBF has been measured 24 h/day, chronically, in dogs, but we have revised our surgical methods in ongoing studies to address this. In short, by filling the probe window with sterile lubricating jelly, wrapping it in dacron mesh, and covering it in quick-hardening latex, we believe we have prevented infiltration of the probe window by fat after wound closure and recovery, and we now obtain daily RBF measurements in the 200 -400 ml/min range, as would be expected with adequate compensation after uninephrectomy. It is important to note that our RBF comparisons were withingroup, and the recovery of RBF during the postexperimental period verifies the stability of the probe and the measurements. The baseline value is what we are addressing here.
DISCUSSION
The use of 24 h/day methods for measuring RBF and arterial pressure in this study demonstrated that chronic glucose infusion caused significant sodium retention in dogs by increasing tubular sodium reabsorption. This is because, 1) the tendency for MAP to increase indicates that a decrease in blood pressure did not contribute to the sodium retention via reduced pressure natriuresis, and 2) the only way that significant decreases in urinary sodium excretion can occur in the presence of significant, sustained renal vasodilation and no change in sodium intake is if renal tubular sodium reabsorption is increased. However, despite the sodium retention, there was no significant increase in MAP, even in the RKM dogs that were predisposed to volume-dependent hypertension. This suggests that marked systemic vasodilation counteracted the potential for the sodium retention to cause hypertension in this experimental model.
There has long been interest in the potential for dysregulation of glucose metabolism to cause hypertension. Glomerular injury late in the course of type I and type II diabetes provides a ready mechanism to help explain hypertension after years of diabetes, but hypertension occurs much sooner in patients destined to develop type II diabetes, and GFR actually is elevated during those early stages. The obesity, hyperglycemia, hyperinsulinemia, and hypertension in those patients are part of a constellation of findings collectively called metabolic syndrome, and the increases in plasma glucose and insulin are two factors that have been hypothesized to mediate the early increases in blood pressure (28, 35, 38, 39) . This is due in part to acute experiments that support an effect of insulin to stimulate renal tubular sodium reabsorption (9, 26) , but direct links between hyperinsulinemia and/or hyperglycemia, sodium retention, and hypertension have not been established convincingly in a chronic experimental model that translates readily to humans. This study and our previous study (3) show that chronic glucose infusion in dogs increases plasma insulin and glucose concentrations similar to the effect of metabolic syndrome in humans.
Chronic fat feeding in dogs has been shown to induce obesity and hypertension and to be consistent with many findings in obese, hypertensive human subjects, including hyperinsulinemia and hyperglycemia (10, 13, 16) . The increase in circulating insulin in the glucose-infused dogs in this study is similar to the increase measured after 5 wk of fat feeding in dogs (13) . The increase in blood glucose concentration also is similar to the response to induction of obesity in dogs, and it contrasts sharply with the decrease in glucose reported previously during insulin plus glucose infusion in dogs that decreased MAP (6, 14, 17) . Thus, the intravenous glucose infusion in dogs produced modest hyperinsulinemia and hyperglycemia comparable to what occurs in patients with metabolic syndrome, and also consistent with the increases in those variables in fat-fed dogs that develop obesity and hypertension. Of course one key response that was missing in the current study was significant hypertension, even when kidney mass was reduced and salt intake was raised in an effort to facilitate volume-mediated hypertension. The increase in ECFV and the observation of peripheral edema suggest that there still was sufficient systemic vasodilation even in the RKM dogs to prevent the sodium retention from causing hypertension, and it is important to note that these levels of plasma insulin and glucose took 5 wk, rather than 3-5 days, to be reached in obese dogs, paralleling the increases in body weight and blood pressure.
Nonetheless, these results shed considerable light on the mechanism for the sodium retention caused by glucose infusion. Chronic, 18 h/day measurement of RBF provided a much more detailed picture of renal function than has been obtainable previously from spot measurements with clearance methods, and the significant, sustained renal vasodilation in the UNX dogs (Figs. 1 and 3) , together with the increase in GFR, is strong evidence that the decrease in urinary sodium excretion caused by glucose infusion was the result of increased tubular reabsorption. In the steady state with fixed sodium intake, the only way urinary sodium excretion can be decreased is through renal vasoconstriction or increased tubular reabsorption. Each action has secondary effects on the other, but the RBF measurements in this study rule out renal vasoconstriction as a primary cause for the sodium retention, although effects on the renal medullary circulation per se cannot be discerned in this chronic setting. Ecelbarger and others (37, 40) have provided intriguing new evidence for actions of insulin on renal sodium chloride transporters that could play a role, but because chronic intrarenal infusion of insulin in dogs was shown previously to cause only modest and intermittent decreases in urinary sodium excretion (15), significant effects due to insulin acting alone in the kidney also are unlikely. One possible explanation could be the hyperglycemia acting alone or in concert with the hyperinsulinemia in the kidney, for instance, if the increase in Fig. 4 . Urinary excretion of thromboxane and prostaglandin metabolites (top) and plasma renin activity (bottom) during the control period, days 2 and 5 of the glucose period, and the recovery period in the UNX and RKM dogs. *P Ͻ 0.05 vs. within-group control. filtered load of glucose was sufficient to cause significant stimulation of proximal tubular glucose-linked sodium transport. In fact, previous acute dog studies (42) have linked a proximal tubular, sodium-reabsorbing effect of glucose to renal vasodilation, increased GFR, and increased renin secretion via tubuloglomerular feedback (TGF), and the significant increases in PRA and RBF in the UNX dogs in this study are consistent with that possibility, or at least with increased reabsorption before the macula densa. However, this experimental model does not enable determination of the relative roles of insulin and glucose in causing the sodium retention, or whether the response was because of direct tubular actions or mediated via systemic mechanisms such as activation of the renal nerves, as the increased heart rate response may implicate.
The reason why the sodium retention waned and RBF decreased in the second half of the glucose infusion period in the RKM dogs is not known, because greater sodium retention was predicted. It is interesting that the decrease in sodium excretion that was measured in those dogs occurred without evidence for an increase in PRA, which questions the role of that system in mediating the sodium retention. On the other hand, the progressive rise in PRA in the UNX dogs and "flat" PRA response in the RKM dogs provides a feasible explanation for the continued decrease in sodium excretion in the former and return to balance in the latter, and the different PRA levels at the end of the 6-day period also may explain the rapid natriuresis in the RKM dogs vs. the slower response in the UNX dogs during the recovery period. A role for the reninangiotensin system in contributing to the sodium retention does not rule out the possibility that renin secretion was a consequence of glucose-driven sodium reabsorption in the proximal tubule. Thus one could hypothesize that, in the RKM dogs with the greatly elevated tubular flow rates and high salt intake, this effect would be minimized, thereby also explaining why there was not a TGF-mediated increase in RBF. The renal vasculature in the RKM dogs also could have been at or near maximum dilation just due to the drastic reduction in nephron mass; however, it is important to note that the RKM, high-salt dogs were added simply as an attempt to "force" glucose infusion to cause hypertension, and the study design is not appropriate to enable accurate assessment of these possibilities.
Nevertheless, the unexpected and strikingly different renal responses in the RKM dogs deserve attention, and another possible explanation for the lack of renal vasodilation, and indeed vasoconstriction, in the RKM dogs is the change in thromboxane. The increases in thromboxane were most evident in the later phase of the infusion at the same time when RBF decreased in the RKM dogs, and the surgically ablated kidney in the RKM dogs may have been more sensitive than the normal kidney in the UNX dogs to the renal vasoconstrictor actions of ANG II and thromboxane (17, 19) However, that effect would not explain why urinary sodium excretion did not remain low. It is interesting that blockade of ANG II and thromboxane each has been shown to prevent fructose hypertension in rats (12, 20, 23) and the hypertension caused by insulin plus glucose infusion in rats (4, 24, 25) , and acute hyperglycemia also has been reported to stimulate the reninangiotensin system in humans (29, 31) . The role of those systems in this chronic dog model, including the UNX dogs, remains to be tested, as well as the potential contributions of volume overload via mechanisms such as atrial natriuretic peptide in mediating the escape from sodium retention in the RKM dogs, but it is important to note that a high-salt UNX group would be necessary to draw specific conclusions about differences in sodium balance in the RKM dogs.
In summary, the 18 h/day measurements of RBF and MAP in this study revealed a direct effect of chronic glucose infusion to increase renal tubular sodium reabsorption. Whether systemic responses to glucose infusion, such as the sympathetic nervous or renin-angiotensin systems, thromboxane, and hyperinsulinemia, mediate the sodium-retaining action, or whether direct renal actions of insulin and/or glucose also contribute to the response, is not known, but an indirect effect due to low blood pressure and reduced pressure natriuresis is not supported by these data. These data support the hypothesis that glucose infusion in dogs has a sustained sodium-retaining effect caused by increasing tubular reabsorption. However, the blood pressure impact of these renal actions in insulin-resistant states, independent of the systemic vasodilatory response, remains to be determined.
